INTRODUCTION
The basal ganglia are subcortical nuclei involved in action selection and motor learning (Hikosaka et al., 1999; Yin and Knowlton, 2006; Jin and Costa, 2015) . The striatum, the main input nucleus of the basal ganglia, contains neurochemically defined compartments termed patches (striosomes) and matrix (rodent, Pert et al., 1976; Herkenham and Pert, 1981; Gerfen, 1984;  cat, primate, and human, Graybiel and Ragsdale, 1978) . The patch compartment is identified as mu opioid receptor (MOR) enriched compared to the surrounding matrix (Pert et al., 1976) , among other neurochemical differences, including acetylcholinesterase (Graybiel and Ragsdale, 1978) , calbindin Kincaid and Wilson, 1996) , enkephalin (Koshimizu et al., 2008) , and others (Gerfen and Young, 1988; Besson et al., 1990; Graybiel, 1990 ). Neurons within patch and matrix compartments respect these boundaries with regards to their dendrites and local axonal collaterals (Gerfen, 1985; Kawaguchi et al., 1989) .
While the function of the patch and matrix compartments has not been clearly determined, studies suggest roles in motor learning (Canales and Graybiel, 2000; Lawhorn et al., 2009 ), reward-guided learning (White and Hiroi, 1998) , and biasing decisions during cost-benefit conflict (Friedman et al., 2015) . Furthermore, patch/matrix are differentially affected in neurological pathologies such as Parkinson's disease (Koizumi et al., 2013 ), Huntington's disease (Lawhorn et al., 2008) , drug addiction (Hurd and Herkenham, 1993) , and others (Crittenden and Graybiel, 2011) .
Many studies infer function of patch/matrix compartments based on differences in their input-output organization. Specifically, patches are thought to receive preferential limbic innervation (rodent, Gerfen, 1984; Donoghue and Herkenham, 1986; Friedman et al., 2015; cat and primate, Goldman-Rakic, 1982; Eblen and Graybiel, 1995) and project to the dopamine neurons in the substantia nigra pars compacta (SNc), as well as to the substantia nigra pars reticulata (SNr) and other basal ganglia nuclei (rodent, Gerfen, 1984 (rodent, Gerfen, , 1985 Fujiyama et al., 2011; Watabe-Uchida et al., 2012; primate, Jimenez-Castellanos and Graybiel, 1989) . In contrast, matrix neurons are preferentially innervated by sensorimotor regions and project only to SNr and other basal ganglia nuclei, but not SNc (cat and primate, Ragsdale and Graybiel, 1981; rodent, Gerfen, 1984 rodent, Gerfen, , 1985 .
Traditionally, the patch and matrix were defined largely by immunostaining and thus were based on rough spatial boundaries, not genetic or molecular markers. The development of bacterial artificial chromosomal Cre-recombinase transgenic (BAC-Cre) mice has allowed new methods of dissecting neural circuits with cell-subtype specificity (Gong et al., 2003; Gerfen et al., 2013) . In combination with Cre-dependent adeno-associated viruses (AAVs) and modified rabies viruses (Wickersham et al., 2007a (Wickersham et al., , 2007b , it is possible to map the input-output organization of specific cell types with precision (Wall et al., 2010 (Wall et al., , 2013 and investigate functional connectivity via Cre-dependent expression of channelrhodopsin-2 (Boyden et al., 2005) .
Here, using BAC-Cre transgenic mice preferential to patch and matrix compartments of striatum, we map their input-output organization. Results reveal the existence of striatal neurons, termed ''exo-patch,'' which are physically located in the matrix but have genetic, neurochemical, and electrophysiological properties, as well as connectivity, similar to patch neurons. Contrary to previous studies, both patch/exo-patch and matrix neurons integrate limbic and sensorimotor information from identical layers of cortex. However, limbic subcortical inputs have a stronger preference for patch/exo-patch neurons, including a novel inhibitory projection from the bed nucleus of the stria terminalis (BNST). Finally, contrary to previous claims, the predominant input to dopamine neurons in the SNc originates outside of traditionally defined patches, presumably from exo-patch and matrix neurons. These results suggest a critical reappraisal of patch/ matrix organization and provide further insight into these subregion functions.
RESULTS

Validating Striatal Patch and Matrix BAC-Cre Mouse Lines
To investigate the input-output organization of striatal patch and matrix compartments, we used BAC-Cre transgenic mice that preferentially express Cre in each compartment (Gerfen et al., 2013) . To characterize their specificity, we injected AAVs that express GFP in a Cre-dependent manner (Figure 1 ). Injections in matrix-Cre mice (Plxnd1-OG1) revealed GFP-positive neurons distributed throughout the matrix, avoiding the patch compartments as determined by MOR staining ( Figure 1A , top and middle). Inspection of the midbrain ( Figure 1A , bottom) revealed dense terminal innervation of SNr, but not SNc. In contrast, GFP expression in striatum following injections in patch-Cre mice (Sepw1-NP67) was extremely dense in MOR-enriched patches ( Figure 1B ), yet GFP expression in a subgroup of neurons scattered throughout the matrix was observed. At higher magnification, these neurons showed significantly elevated perisomatic expression of MOR ( Figure S1 , available online; MannWhitney test, 45 exo-patch neurons from 3 patch-Cre mice, 47 matrix neurons from 3 matrix-Cre mice; U = 2,040, Z = 7.67, p = 1.7 3 10 À14 ). These MOR+ cells that reside in the matrix compartment of patch-Cre mice were termed ''exo-patch'' spiny projection neurons (SPNs). Labeling in the midbrain showed innervation of both SNr and SNc ( Figure 1B , bottom). Digital reconstructions of GFP+ cells with respect to MORdefined boundaries of patches ( Figure 1C ) revealed denser cell labeling in the matrix of matrix-Cre mice (Figure 1D , left; paired sample t test; t 2 = 12.16, p = 0.0067), and in the patches of patch-Cre mice (Figure 1D , right; paired sample t test; t 2 = 13.16, p = 0.0057). This result was confirmed by relative cell density analysis in matrix-Cre (paired sample t test; t 2 = 19.75, p = 0.0025) and patch-Cre (paired sample t test; t 2 = 47.60, p = 0.00044).
We determined the identity of these neurons relative to director indirect-pathway-based D1-or D2-dopamine receptor expression, respectively (Figures 1E and 1F, top) . Patch-and matrix-Cre mice were crossed with D1-eGFP and D2-eGFP mice and injected with AAV-FLEX-tdTomato in striatum to identify Cre+ neurons. Matrix-Cre mice contained both direct (53.4% ± 3.9%) and indirect pathway (39.9% ± 3.9%) neurons. In contrast, patch-Cre mice were predominantly D1 expressing (83.2% ± 1.9%; t 3 = 9.36, p = 0.0026), matching previous reports (Gerfen and Young, 1988; Besson et al., 1990; Fujiyama et al., 2011; Banghart et al., 2015) . Patch and exo-patch SPNs were found to have similar distributions of D1 ( Figure S2 ; patch, 80.3% ± 1.8%; exo-patch, 80.7% ± 2.1%; paired sample t test; t 1 = 0.94, p = 0.52) and D2 SPNs (patch, 14.7% ± 7.1%; exo-patch, 10.1% ± 2.4%; paired sample t test; t 2 = 0.91, p = 0.46). Co-staining for parvalbumin (PV) and choline acetyltransferase (ChAT) revealed no co-localization with GFP+ neurons in patch-or matrix-Cre mice (Figures 1E and 1F, bottom) .
Patch neurons develop earlier than a majority of matrix neurons (Graybiel and Hickey, 1982; Fishell and van der Kooy, 1987; Mason et al., 2005) . To determine when patch, matrix, and exo-patch neurons develop, we birth dated these cells using prenatal injections of bromodeoxyuridine (BrdU; see Supplemental Experimental Procedures) in patch-Cre mice crossed to a Cre-dependent CAG-tdTomato-reporter line (Ai14) on embryonic days 10-12 (E10-E12). Patch and exo-patch SPNs were observed to develop concomitantly during this embryological period ( Figure S3 ), beginning E10, with matrix neurons largely born in the following days.
Together, these results suggest that these BAC-Cre mice are appropriate tools for targeting patch/exo-patch versus matrix SPNs. They also reveal exo-patch SPNs, which are patch-like neurons residing in the striatal matrix.
Electrophysiological Characterization of Patch and Matrix SPNs
To determine whether exo-patch SPNs resemble patch or matrix SPNs, we compared electrophysiological membrane properties, cell excitability, basal synaptic transmission, and responses to the opioid receptor agonist, enkephalin, in patch, matrix, and exo-patch SPNs.
Using Cre-dependent viral expression of tdTomato in patchCre mice (crossed with D1-eGFP mice), we performed wholecell patch-clamp recordings of patch, exo-patch, and matrix D1-SPNs. This experimental approach ( Figure 2D ) restricted our sampling to eGFP+ D1-SPNs to avoid known differences in excitability in D1 and D2 SPNs (Gertler et al., 2008) . TdTomato+ patch SPNs were found in clusters, with obvious fluorophore expression in somas and neuropil ( Figure 2A ). TdTomato+ exopatch SPNs were targeted at least 100 mm from nearby patches ( Figure 2B ). Matrix SPNs were defined as tdTomato-negative neurons, located outside of patch regions ( Figure 2C ).
We assessed cell excitability by hyperpolarizing and depolarizing current injections ( Figures 2E-2H ). Previous studies conflict regarding differences in membrane resistance and resting membrane potential in patch versus matrix SPNs (Kawaguchi et al., 1989 , Miura et al., 2007 . Patch SPNs displayed increased spiking compared to matrix cells, which was significant at larger current injections ( Figure 2H ; F (2,13) = 1.757, p = 0.2112; Tukey's multiple comparison test; 400 pA, q = 3.897, p < 0.05; 450 pA, q = 4.327, p < 0.01). Exo-patch and patch SPNs did not significantly differ in current injection-elicited spiking ( Figure 2H ). No differences were observed in other membrane properties, including capacitance, membrane resistance, membrane time constant, . Midbrain labeling appears in substantia nigra reticulata (SNr) but not pars compacta (SNc). (B) Cre-dependent viral expression in striatum of a Sepw1NP67 mouse reveals labeled neurons clustered densely in MOR patches as well as a less dense group of neurons in the matrix, termed ''exo-patch'' neurons. Exo-patch neurons have elevated MOR expression compared to the surrounding matrix cells (inset in middle row; see also Figure S1 ). Patch-line injections showed dense terminal labeling in SNr and SNc, which closely apposed dopaminergic neurons (bottom row). (C) Digital reconstruction of striatal labeling in (A) and (B). (D) Absolute (left graph) and relative (right graph) density measures of GFP-labeled neurons shows labeling was more dense in the matrix compartment of matrixCre mice (n = 3, two-tailed t test, p < 0.01), whereas labeling was denser in the patch compartment of patch-Cre mice (n = 3, two-tailed t test, p < 0.01). (E) Crossing matrix-Cre mice with D1-and D2-eGFP mouse lines (top row, n = 3 in each group) and injecting AAV-tdTomato in striatum reveals that matrix neurons are both direct and indirect spiny projection neurons (SPNs). Counter staining for parvalbumin (PV) or choline acetyltransferase (ChAT) showed no co-localization (bottom row). (F) Patch-Cre striatal neurons are predominantly direct pathway SPNs (n = 2 D1-eGFP 3 patch-Cre; n = 3 D2-eGFP 3 patch-Cre; two-tailed t test, p < 0.01; see also Figure S2 ). Patch (and exo-patch) neurons are born predominantly before matrix neurons (see Figure S3 ). Values are mean ± SEM. **p < 0.01; ec, external capsule; lv, lateral ventricle; cp, cerebral peduncle. and resting membrane potential across patch, exo-patch, and matrix SPNs ( Figures 2I-2L) , nor in the depolarizing current sufficient to elicit first action potential (rheobase current), firing threshold voltage, action potential amplitude, or action potential area ( Figures 2M-2P ). These results indicate that excitability, but not membrane properties, is different between patch and matrix SPNs, but not patch and exo-patch SPNs.
Next, we isolated spontaneous inhibitory synaptic currents (sIPSCs) and compared the frequency and amplitude of these events. In young mice (2-4 weeks), no difference was observed between patch and matrix SPNs in basal inhibitory synaptic transmission (Miura et al., 2007) . Similarly, in adult mice we found no difference in sIPSC frequency or amplitude across patch, exo-patch, and matrix SPNs ( Figures 2Q-2S ), indicating basal inhibitory synaptic transmission is similar across these cell types.
We next tested the responses of patch, exo-patch, and matrix SPNs to opioid agonists. Patch and exo-patch cells show increased staining for MORs ( Figure S1 ), suggesting that enkephalin, the endogenous ligand for MORs (and delta opioid receptors, DORs), could modulate synaptic transmission on exo-patch SPNs. MOR (and DOR) agonists suppress excitatory synaptic transmission on patch and matrix SPNs (Atwood et al., 2014, Blomeley and Bracci, 2011; Jiang and North, 1992; Miura et al., 2007) , but MOR (and DOR) agonists selectively suppress IPSCs in patch SPNs (Miura et al., 2007 , Banghart et al., 2015 . The source of these enkephalin-sensitive inhibitory afferents is believed to be from local D2-SPNs (Banghart et al., 2015) , but may arise from as yet unknown extrastriatal sources as well. Therefore, we determined the effect of enkephalin on local, electrically evoked IPSCs. Example IPSC traces in patch, exopatch, and matrix cells are shown before and after wash on of 30 mM leu-enkephalin ( Figures 2T-2V ). Matrix SPNs were insensitive to leu-enkephalin bath application, while both patch and exo-patch SPNs showed significant IPSC reduction 2-7min following leu-enkephalin bath application compared to baseline (Figures 2W and 2X; F (5, 100) = 12.33, p < 0.0001; Tukey's multiple comparison test; patch, IPSC percent baseline = 79.08% ± 3.80%, q = 4.515, p < 0.05; exo-patch, IPSC percent baseline = 62.92% ± 2.23%, q = 8.0801, p < 0.0001; matrix, IPSC percent baseline = 98.92% ± 3.983%, q = 0.3412, n.s. [not significant]). These data demonstrate that only patch and exo-patch SPNs show IPSC inhibition to leu-enkephalin application, indicating they should be considered a single population, separate from matrix SPNs.
Mapping Whole-Brain Inputs to Patch and Matrix Compartments with dG Rabies Virus To determine differences in inputs to matrix and patch (including exo-patch) SPNs, we used the EnvA(DG-RV-eGFP) deleted glycoprotein (dG) rabies virus (Wickersham et al., 2007a (Wickersham et al., , 2007b Wall et al., 2013) . This technique expresses GFP in neurons that synapse directly onto the subpopulation of Cre-expressing neurons within the injection site (see Supplemental Experimental Procedures). Unilateral virus injections were carried out in both patch-and matrix-Cre mice (n = 6 per group).
Representative labeling from matrix-Cre (top) and patch-Cre (bottom) injections are shown in Figure 3 . In both cases, prominent labeling was observed in the cortex (including limbic, motor, sensory, and associative regions), intralaminar and higher-order thalamic nuclei, other basal ganglia nuclei, and regions of the brainstem (SNc, Raphe nucleus, and pedunculopontine area). Patch-Cre mice showed additional inputs from subcortical structures including the BNST, claustrum (CLA), central amygdala (CeA), and others.
Labeling in both hemispheres throughout the entire brain was counted relative to boundaries for brain regions. The total number of input neurons labeled in patch-and matrix-Cre injections was not significantly different (matrix inputs, 4,943 ± 1,263; patch inputs, 14,899 ± 6,607; Mann-Whitney test, z 28 = 1.52, p = 0.13). The normalized distribution of labeled neurons for both hemispheres and the contralateral proportion of cortical labeling were analyzed ( Figure 4 ). Grouped at a gross anatomical level (cortex, thalamus, basal ganglia, and other subcortical regions), the matrix was found to receive significantly more inputs from cortex (independent t test, t 10 = 2.22, p = 0.050), whereas the group ''other subcortical'' preferentially innervated patches (independent t test, t 10 = 3.16, p = 0.010). The percentage of ipsilateral labeling was much stronger than contralateral (patch inputs, t 10 = 49.65, p = 2.65e À13 ; matrix inputs, t 10 = 45.49, p = 6.35e
À13
). In both hemispheres, cortex provided the strongest input to striatum (two-tailed t tests, p < 0.01). In the ipsilateral hemisphere, thalamic inputs to striatum were larger than basal ganglia inputs (two-tailed t tests, p < 0.05).
Labeling patterns in cortex were grouped into limbic, motor, sensory, and associative regions ( Figure 4B ). No significant differences between patch and matrix inputs were observed across cortical groups in either the ipsilateral (F (1,43) = 0.037, p = 0.85) or contralateral hemisphere (F (1,43) = 1.87, p = 0.19). A significant difference in labeling between hemispheres was observed (F (1,43) = 72.8, p = 8.4e À11 ), wherein labeling in the ipsilateral hemisphere was far larger than in the contralateral hemisphere for both patch and matrix injections (patch inputs, t 46 = 7.07, p = 7.08e À9 ; matrix inputs, t 46 = 7.49, p = 1.68e À9 ). In the ipsilateral hemisphere, limbic, motor, and sensory cortices showed similar proportions of labeling, but were larger than associative cortices (two-tailed t tests, p < 0.01, p < 0.0001, and p < 0.001, respectively). The same was true in the contralateral hemisphere (two-tailed t tests, p < 0.01), where limbic cortex also had more labeling than sensory cortex (two-tailed t tests, p < 0.05). We next analyzed the relative proportion of neurons in the contralateral hemisphere. Matrix cases tended to have more contralateral labeling ( Figure 4C ), but this difference was not significant (t 10 = 1.39, p = 0.19). We then investigated contralateral labeling in different regions of cortex ( Figure 4D ), as these represent intratelencephalic projecting (IT-type) corticostriatal neurons (Reiner et al., 2010) . We observed no significant difference between patch and matrix inputs (F (3,43) = 2.63, p = 0.11). Differences in the number of IT-type neurons were observed across cortical regions (F (3,43) = 11.18, p = 0.000015). Limbic cortices had significantly more IT-type inputs compared to sensory cortex (patch, t 10 = 2.70, p = 0.022; matrix, t 10 = 2.85, p = 0.017) and associative cortex (patch, t 10 = 2.68, p = 0.02; matrix, t 10 = 3.85, p = 0.0032).
Differences in specific brain regions are plotted in Figure 4E , which shows regions having greater than 0.4% of total labeling (the remaining regions combined as ''other''). In the ipsilateral cortex, significantly larger proportions of matrix-projecting neurons were observed in secondary motor cortex (t 10 = 2.39, p = 0.038) and visual cortex (t 10 = 2.40, p = 0.038). Additionally, a few subcortical areas had more inputs to the patch compartments, specifically in the anterior thalamic nuclei (AV [anterior ventral thalamus], t 10 = 3.19, p = 0.0096; AD [anterior dorsal thalamus], t 10 = 2.98, p = 0.014), thalamic reticular nucleus (t 10 = 2.41, p = 0.037), septum (t 10 = 2.77, p = 0.020), hypothalamus (t 10 = 3.12, p = 0.011), substantia innominata (t 10 = 3.14, p = 0.011), and BNST (t 10 = 2.69, p = 0.023).
Characterizing Striatal Input from the BNST The most prominent difference in inputs to patch and matrix regions revealed by dG rabies virus tracing was from limbic subcortical structures (Figures 4A and 4E) . Among these regions, there were differences in the amount of neuronal inputs (F (6,35) = 4.89, p = 0.001). Specifically, the BNST provided the largest contribution ( Figure 5A ), significantly more than the claustrum (paired sample t test; t 5 = 2.92, p = 0.033), septum (t 5 = 2.96, p = 0.031), hypothalamus (t 5 = 3.66, p = 0.015), and substantia Injection method shown in cartoons on the left. Top rows show the dominant inputs to the matrix from many regions of cortex, thalamus, and brainstem neuromodulatory centers. Bottom rows show inputs to the patch/exo-patch neurons arise from the same regions, with additional inputs from subcortical limbic regions (pink arrows), especially the claustrum (CLA), central amygdala (CeA), anterior thalamus, and bed nucleus of the stria terminalis (BNST). M2, secondary motor cortex; Cg, cingulate cortex; GPe, globus pallidus external; AD, anterior dorsal thalamus; AV, anterior ventral thalamus; AM, anterior medial thalamus; S1, primary somatosensory cortex; PC, paracentral thalamus; CL, centrolateral thalamus; Po, thalamic posterior nucelus; Pf, parafasicular thalamic nucleus; STN, subthalamic nucleus; SNc, substantia nigra pars compacta; PPN, pedunculopontine nuclei. innominata (t 5 = 3.25, p = 0.023), but not the amygdala (t 5 = 2.15, p = 0.084).
To confirm connections between BNST and striatum, we made AAV-FLEX-GFP injections in BNST. Fortuitously, Plxnd1OG1-Cre mice (matrix-Cre) also express Cre in BNST ( Figure 5B ). Injections were made via the contralateral hemisphere ( Figure 5C ) to avoid any potential leakage in other regions along the track of the injection needle. Injections were cytoarchitecturally confirmed to be located in the BNST using DAPI staining, and co-staining with glutamic acid decarboxylase (GAD) identified these neurons as GABAergic (Figures 5D and S4) .
The case shown in Figure 5D had terminal labeling in the ventral tegmental area (VTA; Figure 5E ), the paraventricular nucleus of the thalamus (PVN; Figure 5F ), and lateral hypothalamus (LH; Figure 5G ), as well as the periaqueductal gray (data not shown). These projections are consistent with known projections of the BNST (Stamatakis et al., 2014) , verifying viral expression specifically in the BNST. Furthermore, inspection of the globus pallidus external (GPe) and SNr ( Figure 5E ) revealed no GFP expression, indicating no leakage into the surrounding striatum. Surprisingly, we observed extraordinarily dense innervation of tyrosine hydroxylase (TH)-positive neurons in SNc, far stronger than in the VTA (Figure 5E ), indicating a strong projection to the dopamine neurons that innervate dorsal striatum.
Consistent with our dG rabies injections in striatum, we also observed BNST projections terminating in striatum ( Figures  5H-5L ). These fibers were small, with en passant boutons indicative of functional synapses (Kincaid and Wilson, 1996) , and terminated in both patch and matrix compartments (Figures 5I-5L ). Rabies tracing from matrix-Cre mice showed almost no labeling in the BNST, suggesting that BNST targets both patch and exo-patch SPNs.
To confirm functional connectivity between BNST and patch/ exo-patch SPNs, we injected BNST of patch-Cre mice with AAVs expressing channelrhodopsin-2 (ChR2-eYFP; Boyden et al., 2005) and Cre-dependent AAVs expressing tdTomato in striatum to label patch and exo-patch SPNs ( Figure 5M ). Fast-latency IPSCs were observed in both patch and exo-patch SPNs (A) Normalized distribution of labeling across grouped brain regions following dG rabies injections in patch-and matrix-Cre mice (n = 6 in each group). The matrix compartment of the striatum showed significantly more inputs from cortex (two-tailed t test, p = 0.05), whereas patch neurons had significantly more subcortical inputs (excluding thalamus and basal ganglia inputs), labeled as ''other subcortex'' group (two-tailed t test, p = 0.01). In both hemispheres, there were significantly more cortical inputs than subcortical inputs (two-tailed t test, p < 0.01). (B) Bilateral distribution of cortical inputs to patch/exo-patch and matrix compartments of striatum. Dominant inputs were from the limbic, motor, and sensory cortices (two-tailed t test, p < 0.01). (C) Percentage of labeling in the contralateral cortex reveals intratelencephalic projecting corticostriatal (IT-type) neurons go to both patch and matrix. (D) IT-type neurons are more numerous in limbic cortices compared to sensory and associative (two-tailed t test, p < 0.05). (E) Analysis of individual brain regions showed many limbic subcortical regions are patch/exo-patch preferring, including anterior thalamic nuclei, thalamic reticular nucleus, bed nucleus of the stria terminalis, substantia innominata, hypothalamus, and septum (two-tailed t test, p < 0.05). Values are mean ± SEM. In blue, *p < 0.05, **p < 0.01; in black, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; in gray, n.s., non-significant.
following laser stimulation (n = 8), but not in matrix SPNs. These currents were not diminished by bath addition of AMPA receptor (AMPAR) and NMDA receptor (NMDAR) antagonists, but were completely blocked by the GABA A antagonist, picrotoxin (Figure 5M) . These results align with our GAD-positive anterograde-AAV and retrograde-rabies tracing, confirming a strong inhibitory functional connection from BNST to patch and exopatch SPNs. Figure S4) . (E) BNST sends dense projections to SNc, as well as weaker inputs to the ventral tegmental area (VTA). (F and G) BNST injections also showed labeling in known targets including paraventricular thalamic nucleus (PVN) (F) and lateral hypothalamus (LH) (G). (H-L) Fibers were observed terminating in both patch and matrix compartments (presumably on exo-patch neurons) in the striatum (H), including dorsomedial (I), ventromedial (J), dorsolateral (K), and ventrolateral (L) subregions, confirming our dG rabies tracing. (M) Optogenetic-evoked IPSC traces in the presence of AMPAR antagonist NBQX (10 mM) and NMDAR antagonist DL-APV (50 mM). Application of picrotoxin, a GABA A R antagonist, completely blocks the IPSC. Plot on right shows IPSC amplitudes for patch (circles) and exo-patch neurons (triangles). All values are mean ± SEM.
Corticostriatal Projections Target Both Patch and Matrix
The striatal patch compartment is thought to be preferentially innervated by limbic cortical regions, whereas sensorimotor cortex targets the matrix (Gerfen, 1984; Donoghue and Herkenham, 1986; Eblen and Graybiel, 1995; Friedman et al., 2015) . For instance, prelimbic (PrL) and cingulate (Cg) cortex have been previously shown to have a strong preference for patch and matrix, respectively (Donoghue and Herkenham, 1986; Friedman et al., 2015) . However, our dG rabies tracing experiments showed similar patch and matrix innervation by limbic, motor, sensory, and associative inputs ( Figure 4B ). Specifically, no significant difference was observed between patch and matrix inputs ( Figure 4E ) for either PrL (t 10 = 0.51, p = 0.62) or Cg (t 10 = 0.19, p = 0.86), in contrast to previous studies.
To further investigate corticostriatal selectivity for patch/matrix compartments, we injected AAV-FLEX-GFP into PrL and Cg of CamKIIa-Cre mice. Injections into PrL ( Figure 6A ) revealed dense innervation of patches in dorsal striatum, but also showed terminal labeling in the surrounding matrix, albeit less densely. More ventral regions of striatum showed equal preference for patch and matrix compartments. Injections into Cg ( Figure 6B ) showed even innervation of patch and matrix in dorsal areas but preferential termination in matrix more ventrally, as previously reported in cats (Ragsdale and Graybiel, 1990 ). These results, though discrepant with our rabies tracing data ( Figure 6C ), do show that both patch and matrix compartments are directly innervated by both limbic and sensorimotor cortex ( Figure 6D ).
To investigate the relationship between corticostriatal terminal density (revealed by viral anterograde tracing) and functional synaptic strength, paired whole-cell recordings were made following viral expression of ChR2 in PrL or Cg (Figures 6E-6J ). Patch and exo-patch SPNs were paired with neighboring matrix cells, and the ratio of light-evoked excitatory postsynaptic current (EPSC) amplitudes was compared between patch/matrix and exo-patch/matrix pairs.
Our anterograde viral tracing indicated that PrL synapses more densely in the patch compartment. Surprisingly, no significant difference was observed in light-evoked EPSC amplitudes between patch and neighboring matrix SPNs (Figure 6G , left; t 4 = 1.676, p = 0.1691), or between exo-patch and matrix pairs (Figure 6G , middle; t 4 = 0.7241, p = 0.5091). The overall patch/ matrix and exo-patch/matrix ratios were not significantly different (Figure 6G , right; p = 0.2834), suggesting that the strength of excitatory inputs from PrL to patch and exo-patch SPNs is similar. This suggests that despite input differences to patch and matrix compartments from PrL, the functional connection strength on individual neurons in these compartments is similar.
We next repeated this experiment for corticostriatal inputs from Cg. Our anterograde tracing data indicated that Cg had somewhat denser input to the matrix compartment. Strikingly, recordings from patch/matrix cell pairs showed significantly larger EPSCs in patch SPNs compared to local matrix SPNs (Figure 6J , left; t 4 = 2.965, p = 0.0413). Similarly, many exopatch SPNs showed larger EPSCs compared to their matrix SPN neighbor, though not significantly (Figure 6J , middle; t 4 = 2.344, p = 0.0791). The ratios of EPSC amplitude for patch/matrix and exo-patch/matrix were not significantly different from each other (Figure 6J , right; p = 0.7872), suggesting that both patch and exo-patch SPNs have similar input strengths from Cg.
Cortical Layer Innervation of Patch and Matrix Compartments
We next investigated specificity of cortical layer projections to patch/matrix. Previous literature has suggested differences in innervation of patch and matrix by cortical layers (Gerfen 1989; Kincaid and Wilson, 1996) or layer 5 IT-type and pyramidal tract projecting (PT-type) corticostriatal neurons (for review, see Reiner et al., 2010) .
No differences in the laminar specificity of inputs targeting patch and matrix compartments were observed with our dG rabies tracing data. Significant differences were found in normalized laminar distribution of corticostriatal neurons for both the ipsilateral (F (2,66) = 81.73, p < 0.00001) and contralateral hemispheres (F (2,66) = 71.38, p < 0.00001) of patch injections, as well as the ipsilateral (F (2,66) = 161.88, p < 0.00001) and contralateral hemispheres (F (2,66) = 82.29, p < 0.00001) of matrix injections ( Figure 7A ). In limbic cortices, layer 2/3 and layer 5 had similar amounts of labeling, which were significantly larger than layer 6 (two-tailed t tests, p < 0.01). In motor, sensory, and associative cortices, layer 5 contained significantly more labeling than either layer 2/3 or layer 6 (two-tailed t tests, p < 0.01). The proportion of labeled neurons in layer 2/3 of limbic cortex was larger than motor, sensory, and associative cortices in both patch and matrix projections (two-tailed t tests, p < 0.05). Conversely, limbic cortex was found to have a smaller proportion of layer 5 neurons compared to motor, sensory, and associative cortices in both patch and matrix projections (two-tailed t tests, p < 0.05). Distributions for individual cortical areas in each hemisphere are shown in Figure 7B .
We next made Cre-dependent viral injections into secondary motor cortex (M2) of mice with Cre in layer 2/3, layer 5 IT-type, layer 5 PT-type, and layer 6 projection neurons ( Figures 7C,  7D , 7E, and 7F, respectively, and see Figures S5A-S5D ). Injections across all layers of M2 in a CamKIIa-Cre mouse showed labeling in both patch and matrix compartments, with a slight preference for the matrix (Figures S5E-S5G ), matching our rabies tracing data ( Figure 4E ). Our anterograde injections targeting layer 2/3, layer 5 IT-type, layer 5 PT-type, and layer 6 projection neurons in M2 showed terminal boutons in both patch and matrix compartments ( Figures 7C, 7D , 7E, and 7F, respectively). These results demonstrate no differences in patch/matrix input specificity across cortical laminae.
In addition to observations in ipsilateral striatum, we also found a unique pattern of interhemispheric projections to striatum and claustrum ( Figure S6 ). Layer 2/3 neurons projected to the ipsilateral striatum but sent bilateral projections to the claustrum, whereas layer 5 IT-type neurons projected to bilateral regions of striatum but principally the contralateral claustrum. Layer 5 PT-type and layer 6 neurons only targeted ipsilateral striatum. These results suggest distinct bilateral dissemination of different types of cortical information for movement control (Bauswein et al., 1989; Turner and DeLong, 2000) .
Revisiting the Striatal Innervation of SNc Dopamine Neurons Patch SPNs, as opposed to matrix SPNs, are thought to project to dopamine neurons in SNc (Gerfen, 1984 (Gerfen, , 1985 Fujiyama et al., 2011; Watabe-Uchida et al., 2012) . Our results from AAV injections into matrix-and patch-Cre mice seemed to support this result ( Figures 1A and 1B, bottom) . To ascertain whether these projections are truly restricted to patches, we retrogradely labeled striatonigral projections to dopamine neurons using dG rabies tracing from the SNc of DAT-Cre mice ( Figure 8A) .
Inspection of striatal labeling revealed both patch and matrix neurons ( Figures 8B and 8C ) that sometimes clustered into patches in dorsal regions ( Figure 8B , bottom left and middle), but largely avoided patches in ventral regions ( Figure 8B , bottom right). Quantitative analysis revealed that the predominant input to SNc originated from the matrix ( Figure 8D ; paired sample t test, t 3 = 16.80, p = 0.00046). Previously, neurons could have appeared to be more prominent in the patches due to their higher density ( Figure 8E ; paired sample t test, t 3 = 6.17, p = 0.0089). Analysis of MOR staining of rabies-GFP+ cells residing in the matrix compartment indicates that these neurons are likely exo-patch and matrix neurons ( Figure S1 ).
From the same injections, dense labeling was observed in the BNST ( Figure 8F ). These neurons appeared to be GAD negative ( Figure 8G ), implying they are likely glutamatergic neurons (Kudo et al., 2012) . When considered with our AAV injections into BNST, which were GABAergic, these results suggest that BNST innervation of the SNc might consist of both glutamatergic and GABAergic projections.
DISCUSSION
This study employed BAC-Cre transgenic mice with Cre-dependent viral tracing, ex vivo slice electrophysiology, and optogenetics to investigate the input/output organization of the patch and matrix compartments of striatum. This approach revealed projection neurons in striatum, termed ''exo-patch,'' which are located in the matrix region but are similar to patch neurons in terms of genetics, neurochemistry, embryogenesis, membrane properties, excitability, basal inhibitory synaptic transmission, response to opioid agonists, and functional connectivity. We found patch and matrix compartments each integrate limbic and sensorimotor information, though patch and exo-patch SPNs are preferentially innervated by subcortical limbic inputs. Among these subcortical inputs, we uncover a new inhibitory circuit from BNST to patch/exo-patch SPNs in striatum. Finally, contrary to dogma, striatal projections to dopamine neurons in SNc originate from cells in both the patch and matrix compartment (predominantly the matrix), and are likely composed of patch, exo-patch, and matrix SPNs. A summary of these findings is graphically illustrated in Figure S7 .
Exo-Patch SPNs
Use of BAC-Cre mice in these experiments has called into question the boundaries of the patch and matrix compartments. We have broadened the definition of patches to include exo-patch SPNs, which are located in the matrix but are characteristically more similar to patch SPNs. Specifically, patch and exo-patch groups are D1-receptor dominant, as previously shown for patches (Banghart et al., 2015) , compared to matrix SPNs. Additionally, exo-patch SPNs appear in the expression profile of multiple patch-enriched genes (see Table 1 in Crittenden and Graybiel, 2011 for list of genes). A review of the available patch-enriched genes with somal expression (n = 8) from the GENSAT database (http://www.gensat.org/index.html) revealed labeling in patches and cells scattered throughout the matrix ( Figure S8 ), resembling the pattern of exo-patch SPNs observed in our Sepw1-NP67-patch-Cre mice.
Interestingly, similar patterns of patch and exo-patch SPNs are observed in prodynorphin expression in striatum of BAC Pdyn-eGFP mice ( Figure S8 ). High levels of Oprm1, the transcript encoding MORs, were found to co-localize with Pdyn cells (Banghart et al., 2015) , supporting the neurochemical relationship of MOR with patch and exo-patch SPNs ( Figure S1 ). Furthermore, our patch-clamp recordings confirm that inhibitory transmission in patch and exo-patch SPNs is sensitive to enkephalin, whereas matrix SPNs are not. Finally, our tracing results demonstrate that patch and exo-patch SPNs receive common inputs. For example, BNST inputs were found to preferentially target patch and exo-patch SPNs, but not matrix SPNs ( Figure 5M) .
When taken together, these data suggest that patch and exopatch SPNs are a characteristically similar group of neurons, born during the same embryological window, that have been spatially separated through subsequent developmental growth of matrix SPNs (Newman et al., 2015) .
A BNST-Basal Ganglia Circuit
Our data have also demonstrated a new circuit by which BNST interacts with the basal ganglia. The BNST is known to be an interface between reward and anxiety and, by virtue of projections to the VTA, can alter activity in the basal ganglia (Kudo et al., 2012; Jennings et al., 2013; Kim et al., 2013; Stamatakis et al., 2014) . Here, we describe a novel addition to this circuitry by demonstrating that BNST sends GABAergic projections to patch and exo-patch SPNs in dorsal striatum, which may in turn innervate dopamine neurons in SNc. Striatonigral projections are inhibitory and therefore likely to inhibit dopamine output (Lerner et al., 2015) . Activation of inhibitory BNST projections to dorsal striatum may serve to disinhibit dopamine release. However, patch neurons also innervate SNr (Figure 1B) , which could in turn inhibit SNc dopamine neurons (Pan et al., 2013) . Thus, future mechanistic studies are required to elucidate how BNST-basal ganglia circuits control midbrain dopamine neurons.
Cortical Regions and Layers Similarly Innervate Patch and Matrix Compartments
As discussed above, previous models have suggested that patch and matrix compartments are differentially innervated by limbic and sensorimotor cortex, respectively (reviewed in Crittenden and Graybiel, 2011) . Our data demonstrate a complicated pattern of patch/matrix innervation by limbic and sensorimotor cortex ( Figure 6D) , showing no clear exclusivity. Although similar numbers of neurons in limbic and sensorimotor cortex project to patch and matrix compartments, slight preferences were observed in the terminal distributions of their corticostriatal projections. Specifically, PrL more densely terminates in patches (A) No significant differences were found between patch and matrix lines, but limbic cortex was found to have significantly more layer 2/3 labeling than other cortical areas (two-tailed t test, p < 0.05), whereas sensorimotor corticostriatal projections originate predominantly from layer 5 (two-tailed t test, p < 0.05). (B) Normalized distribution of retrogradely labeled neurons across layers of individual cortical areas in each hemisphere. (C-F) Injections of Cre-dependent viruses into secondary motor cortex (M2) of layer 2/3 Cre (C), layer 5 IT-type Cre (D), layer 5 PT-type Cre (E), and layer 6 Cre (F) mice (see Figure S5 for Cre expression and corticostriatal projections to patch and matrix compartments in CamKIIa mice). Labeling in patches denoted by white arrowheads and matrix by blue arrowheads. See Figure S6 for interhemispheric pattern of labeling from these lines. All values represent mean ± SEM. compared to the surrounding matrix, and vice versa for Cg projections. However, our electrophysiology results indicate that at the single-cell level, the functional strength of synaptic input from PrL to patch and matrix SPNs is similar. Furthermore, Cg projections to patch SPNs were found to be significantly stronger than to matrix SPNs, despite terminal density showing the opposite trend. One potential explanation is that corticostriatal projections to patch SPNs are inherently stronger than corticostriatal inputs to matrix SPNs. Regardless, these current data refute previous hypotheses that limbic and sensorimotor information is largely segregated between patch and matrix compartments.
Previous studies have suggested that different cortical layers or subtypes of corticostriatal projection neurons preferentially innervate patch and matrix compartments (Gerfen 1989; Kincaid and Wilson, 1996; Reiner et al., 2010) . Surprisingly, we observed no clear trends in our data to support these hypotheses, and instead observed patch and matrix innervation by all layers and corticostriatal subtypes (IT-and PT-type neurons). Evidence exists for cortical neurons in each layer that appear to preferentially target patch and matrix compartments, respectively (Gerfen et al., 2013; see their Figure 8 ). Previous studies using small deposits of traditional dextran neuroanatomical tracers may have in some cases selectively labeled these neurons, leading to these observations.
Striatal Innervation of Dopamine Neurons in the SNc
Previous observations on patch/matrix output have stressed that patch neurons provide the striatal inputs to dopamine neurons in the SNc (Gerfen, 1984 (Gerfen, , 1985 Fujiyama et al., 2011; WatabeUchida et al., 2012) . However, our dG rabies tracing from SNc of DAT-Cre mice demonstrates that these projections originate in both the patch and matrix compartments, but predominantly from neurons in the matrix (>75%). Positively determining the identity of these striatonigral neurons relative to the exo-patch and matrix neurons described in our BAC-Cre mice poses a challenge. However, our analysis of MOR expression indicates a mix of exo-patch-and matrix-like rabies-eGFP+ neurons (Figure S1 ). Our anterograde injections in matrix-Cre mice revealed terminal arborizations in SNr, but seemingly not SNc. However, these terminals may be synapsing on the dendrites of dopaminergic SNc neurons that extend into SNr. Conversely, a small number of TH+ neurons exist in SNr, which may be the target of these rabies-eGFP+ matrix neurons. Alternatively, these neurons may be part of a subset of striatal neurons not captured by either our patch-or matrix-Cre lines. With the evidence available, we suggest that striatal innervation of dopaminergic SNc neurons originates from patch, exo-patch, and matrix neurons, contrary to dogma.
Technical Considerations of dG Rabies Tracing, Anterograde Tracing, and Electrophysiology
The use of dG rabies as a neuroanatomical tracer has been shown to have remarkable specificity for population-specific tracing. However, this method has some interpretative limitations that have been previously described (Wall et al., 2010 (Wall et al., , 2013 but warrant further discussion here. The actual mechanism of rabies virus retrograde transmission remains incompletely known; therefore, it is difficult to assess if the rabies efficiency is different for different types of synapses (excitatory, inhibitory, neuromodulatory, etc.), location of synapses (dendritic spine heads, dendritic spine necks, etc.), or strength/structure of synapses (many or few receptors, probability of release, mushroom-like, etc.). We, like others (Wall et al., 2013) , found neuromodulatory synapses seem to be underreported in the data presented here. Midbrain dopamine terminals densely innervate the striatum but only account for a small percentage of total neurons labeled with the dG rabies approach.
Additionally, the dG rabies viral tracing technique is sensitive to the size of starter populations. This issue is particularly pertinent to our study since patches represent only 10% of the striatum (Crittenden and Graybiel, 2011) . Due to the linear relationship between starter and input-labeled neurons (WatabeUchida et al., 2012; Wall et al., 2013) , we were able to normalize our cell counts for each animal and control for these variations in the size of starter populations across experiments. While the patch represents roughly 10% of the total number of striatal neurons, when that number is combined with exo-patch neurons the numbers of patch/exo-patch versus matrix SPNs in dorsal striatum are not significantly different. As such, we observed no significant difference in the total number of inputs to patch and matrix compartments using the dG rabies technique. Regardless, because we compare inputs to patch and matrix in different animals, it is impossible to truly ascertain differences in absolute connectivity magnitude to patch and matrix compartments.
To this end, we employed anterograde tracing methods to verify some of our main rabies results. Surprisingly, in the case of PrL and Cg projections, our dG rabies tracing data suggested equivalent strength of input to patch and matrix, whereas our anterograde tracing data suggested a preference of PrL for patch and Cg for matrix. However, our ex vivo patch-clamp recordings with optogenetic stimulation from these regions discovered the strength of the functional connection on a single neuron to be largely equivalent, in line with our rabies data. These results stress the importance of orthogonal approaches to investigate neural circuitry.
One additional complication in our experimental design is that we cannot disambiguate inputs to patch versus exo-patch SPNs using this technique alone. To address this concern, we employed ex vivo patch-clamp recordings with optogenetics. This orthogonal approach confirmed our dG rabies data in the case of the BNST, where we observed functional connectivity with patch and exo-patch SPNs, but not matrix.
Together, these results demonstrate that dG rabies tracing provides invaluable information about the inputs to specific types of neurons, but caution should be taken when interpreting the strength of connection. While there are limitations of the dG rabies technique, it does not preclude the tremendous advancement in understanding whole-brain connectivity evidenced by the numerous findings employing this technique, especially in combination with functional studies using electrophysiology (Kress et al., 2013) .
EXPERIMENTAL PROCEDURES Mouse Lines and Virus Injections
See Supplemental Experimental Procedures for descriptions of mouse Cre lines and viruses, as well as detailed descriptions of surgical procedures. All methods followed NIH guidelines and were approved by the Institutional Animal Care and Use Committee at the Salk Institute for Biological Studies.
Patch-Clamp Electrophysiology
Whole-cell ex vivo patch-clamp electrophysiology was used to assay functional connectivity (see Supplemental Experimental Procedures).
Microscopy
Tissue was imaged using an Olympus VS-120 virtual slide scanning microscope with a 103 objective or a Zeiss LSM 710 laser scanning confocal microscope.
Data Analysis
Data are presented as mean ± SEM in figures and text. Shapiro-Wilk tests were performed on all data to test for normality. Nonparametric statistics were employed when significant deviations from a normal distribution were observed. 
